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We describe a soft matter system of self-organized oblate micelles and plasmonic gold nanorods that

exhibit a negative orientational order parameter. Because of anisotropic surface anchoring interactions,

colloidal gold nanorods tend to align perpendicular to the director describing the average orientation of

normals to the discoidal micelles. Helicoidal structures of highly concentrated nanorods with a negative

order parameter are realized by adding a chiral additive and are further controlled by means of confinement

and mechanical stress. Polarization-sensitive absorption, scattering, and two-photon luminescence are used

to characterize orientations and spatial distributions of nanorods. Self-alignment and effective-medium

optical properties of these hybrid inorganic-organic complex fluids match predictions of a simple model

based on anisotropic surface anchoring interactions of nanorods with the structured host medium.
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Self-assembly of nanoscale building blocks into long-
range three-dimensional (3D) structures is key to the de-
velopment of nanostructured materials with preengineered
optical properties [1–4]. Liquid crystals (LCs) combine
fluidity with long-range orientational ordering and thus
are promising host media for organizing micro- and nano-
sized colloids into long-range ordered structures [5–8].
Although a number of different physical mechanisms can
be utilized, ranging from LC elasticity to nanoscale segre-
gation, the main idea in these applications of LCs as
‘‘smart fluid hosts’’ for nanoparticle assembly is that they
impose various degrees of orientational or positional order-
ing and serve as bulk fluid templates for colloidal self-
organization [8]. Even when dispersed in regular solvents,
highly anisotropic rod- and disk-shaped particles at high
concentrations can spontaneously organize themselves into
LC phases to maximize their translational entropy [5,9].
However, the design and fabrication of nanostructured
composites with preengineered properties [10] often re-
quire nanoscale organization of weakly anisotropic nano-
particles incapable of forming LC phases and types of
ordering inaccessible by maximization of entropy. One of
the grand challenges is to construct long-range-ordered
fluid composites made from anisotropic nanoparticles
forming structures not achievable by means of entropy
maximization and elastic interactions in LCs.

In this Letter, we describe soft matter systems with
on anisotropic surface anchoring interactions of nanorods
with the LC host. The self-alignment of GNRs in the fluid
host results in polarization-sensitive surface plasmon reso-
nance (SPR) effects. Aligned nanoparticles also give rise to
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3000 rpm for 10 min and ultrasonicated for 30 min at room
temperature to yield ND with disk-shaped micelles of about
5.7 nm in diameter and 2.0 nm in thickness. Alignment of a
far-field director N0 was defined by a unidirectional shear
and characterized by both polarizing optical microscopy
(POM) and two-photon excitation fluorescence polarizing
microscopy [14]. The discotic cholesteric (ChD) dispersion
with an equilibrium pitch p � 50 �m was obtained by
adding 2 wt% of a chiral agent brucine sulfate heptahy-
drate (Sigma-Aldrich) to the ND matrix (37:2 wt% of SDS,
6:2 wt% of 1-decanol, and 54:6 wt% of an aqueous sus-
pension of mPEG-GNRs at 3 � 10�8–3 � 10�7 M) [15].





to N. For a given value of SGNR, we obtain them
as �k ¼ 2

3 �ð�k � �?ÞSGNR



supplement it with more detailed numerical studies to see
how exactly GNR-micelle interactions give rise to this
behavior.

To conclude, we have reported the first observation of
unexpected nematiclike and helicoidal structured disper-
sions of gold nanorods with a negative scalar order
parameter and both low orientational and low translational
entropy. These composites exhibit properties present nei-
ther in isotropic GNR dispersions nor in pure LCs, such as
polarization-sensitive SPR, large absorption anisotropy,
and enhanced optical birefringence with sign reversal at
the longitudinal SPR peak. The studied system can be
further enriched by additional doping with magnetic nano-
needles to enhance the response to magnetic fields [29–31]
as well as by adding other anisotropic nanoparticles, rang-
ing from carbon nanotubes to semiconductor nanoprisms
[30,32].

http://dx.doi.org/10.1126/science.1187949
http://dx.doi.org/10.1038/nmat2870
http://dx.doi.org/10.1038/nmat2870
http://dx.doi.org/10.1021/cr1004452
http://dx.doi.org/10.1021/nl201876r
http://dx.doi.org/10.1126/science.275.5307.1770
http://dx.doi.org/10.1126/science.1129660
http://dx.doi.org/10.1021/nl9042104
http://dx.doi.org/10.1039/b205225c
http://dx.doi.org/10.1039/b205225c
http://dx.doi.org/10.1038/nphoton.2007.223
http://dx.doi.org/10.1038/nphoton.2007.223
http://dx.doi.org/10.1002/adfm.200305068
http://dx.doi.org/10.1002/adma.200803464
http://dx.doi.org/10.1002/adma.200803464
http://dx.doi.org/10.1103/PhysRevA.26.1116
http://dx.doi.org/10.1021/la200842z
http://dx.doi.org/10.1021/ja00535a006
http://dx.doi.org/10.1021/ja00535a006
http://dx.doi.org/10.1073/pnas.0504892102
http://dx.doi.org/10.1073/pnas.0504892102
http://dx.doi.org/10.1364/OL.35.003447
http://dx.doi.org/10.1364/OL.35.003447
http://dx.doi.org/10.1364/OE.18.027658
http://dx.doi.org/10.1364/OE.18.027658
http://dx.doi.org/10.1021/nl204030t
http://dx.doi.org/10.1021/cr068126n
http://dx.doi.org/10.1021/cr068126n
http://dx.doi.org/10.1103/PhysRevLett.93.037404
http://dx.doi.org/10.1103/PhysRevE.78.041707
http://dx.doi.org/10.1103/PhysRevE.68.021404
http://dx.doi.org/10.1103/PhysRevE.68.021404
http://dx.doi.org/10.1021/jp712173n
http://dx.doi.org/10.1021/jp712173n
http://dx.doi.org/10.1103/PhysRevE.51.R5204
http://dx.doi.org/10.1051/jphys:01970003107069100
http://dx.doi.org/10.1051/jphys:01970003107069100
http://dx.doi.org/10.1016/0375-9601(70)90274-4
http://dx.doi.org/10.1016/0375-9601(70)90274-4
http://dx.doi.org/10.1103/PhysRevLett.51.2298
http://dx.doi.org/10.1103/PhysRevLett.51.2298
http://dx.doi.org/10.1039/c1sm05170a
http://dx.doi.org/10.1103/PhysRevLett.80.4345
http://dx.doi.org/10.1103/PhysRevLett.80.4345
http://dx.doi.org/10.1126/science.275.5301.810
http://dx.doi.org/10.1103/PhysRevLett.81.5015
http://dx.doi.org/10.1103/PhysRevLett.81.5015

